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SPACECRAFT PRELIMINAFiY ABORT AM) 

ALTEENATE MISSION STUDIES FOR AS-504~ 

VOLUME 111 - LM ABORT AM> CSM RESCUE DURING THE LUNLR ORBIT PHASE 

By James D. Alexander and Jerome A. B e l l  

SUMMARY 

Prel iminary recommendations and supplementary d a t a  a r e  presented  
f o r  LM abor t  and CSM rescue rendezvous procedures f o r  t h e  l u n a r  o r b i t  
phase of  t h e  l u n a r  landing mission. These procedures are based on t o t a l  
p ropuls ion  a c t i v i t y  by e i t h e r  t h e  LJ4 o r  CSM, although a d i scuss ion  of 
combined LM and CSM a c t i v i t y  i s  included.  

The l u n a r  o r b i t  phase i s  divided i n t o  t h r e e  subphases: Hohmann des- 
cent  , powered descent  , and ascent  from su r face .  For each subphase , 
recommendations f o r  non-t ime-cr i t ical  and t i m e - c r i t i c a l  procedures and 
a s soc ia t ed  d a t a  a r e  presented  f o r  both LM abor t s  and CSM rescues .  For 
t h e  extremely complex (p re sen t ly  not  thoroughly i n v e s t i g a t e d )  area of 
LM anytime l i f t - o f f  from t h e  lunar  su r face ,  only maximum and cons t ra ined  
parameter c a p a b i l i t i e s  are presented.  

Onboard s o l u t i o n  sequences apply t o t a l l y  f o r  most o f  t h e  procedures 
and f o r  a l l  but  t h e  i n i t i a l  maneuvers f o r  t h e  procedures i n i t i a t e d  by 
e x t e r n a l  maneuvers. Max imum MSFN backup c a p a b i l i t y  i s  a l s o  incorporated 
where poss ib l e .  

The AV budgets and LM l i f e t i m e s  r e f l e c t  cu r ren t  average va lues .  The 
propuls ion  system used i s  not spec i f i ed  f o r  each maneuver, s i n c e  t h e  sys- 
t e m  used is  dependent on t h e  s i t u a t i o n ;  however, p r e f e r r e d  systems f o r  
a given s i t u a t i o n  are indica ted .  

For abor t s  p r i o r  t o  LM landing,  t h e  recommended non-t ime-cr i t ical  
procedures are r e l a t i v e l y  s t r a i g h t  forward and s u f f i c i e n t l y  def ined .  The 
t i m e  dura t ion  and AV requirements f o r  non-t ime-cr i t ical  a b o r t s  are we l l  
w i th in  t h e  c a p a b i l i t i e s  of t h e  veh ic l e s .  Most of t h e  recommended t i m e -  
c r i t i c a l  procedures f o r  all phases necessa r i ly  involve c r i t i c a l  parameters 
and r e l a t i v e l y  high AV requirements.  
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The l i f t - o f f  times f o r  t h e  ontime LM ascent  and f o r  t h e  most oper- 
a t i o n a l l y  des i r ab le  CSM rescue  are approximately t h e  same t ime ,  and 
t h e  in-orb i t  AV requirements a r e  e s s e n t i a l l y  equal .  

The use of combined LM and CSM a c t i v i t y  i s  probable  f o r  many of  t h e  
t i m e - c r i t i c a l  s i t u a t i o n s  and f o r  non- t ime-cr i t ica l ,  anytime l i f t - o f f s  when 
t h e  CSM i s  more than  about 150' ahead o r  looo  behind at  LM l i f t - o f f .  
Theore t i ca l ly  , however , f o r  absolu te  maximum "LM-alone" c a p a b i l i t y  , t h e r e  
are no l i f t - o f f  phasings which r e q u i r e  CSM assists when t h e  in -o rb i t  p lane  
change requirement i s  less than  approximately 0.2'. 

If the  LM has no propuls ion system a v a i l a b l e  a f t e r  ob ta in ing  t h e  
s tandard  o r b i t  of 30 by 10 n .  m i . ,  an anytime l i f t - o f f  
f o r  which CSM rescue i s  not  poss ib l e  wi th in  t h e  maximum c a p a b i l i t i e s  of  
LM l i f e t i m e  and AV rescue budget.  This gap extends from t h e  CSM d i r e c t l y  
above t h e  LM t o  approximately 70' behind the  LM a t  LM lift-off. 

phasing gap e x i s t s  

The CSM rescue procedures ,  except f o r  t h e  f e w  involv ing  only d i r e c t  
i n t e r c e p t ,  r equ i r e  maneuver information from t h e  LM or  t h e  MSFN, s i n c e  
t h e  CSM onboard computer conta ins  only t h e  d i r e c t  i n t e r c e p t  rendezvous 
sequence. E s s e n t i a l l y  a l l  o f  t h e s e  CSM rescue procedures involve t e rmina l  
approach f'rom above. 

INTRODUCTION 

This r epor t  p resents  t h e  Mission Planning and Analysis D iv i s ion ' s  
prel iminary recommendations f o r  abor t  and rescue procedures f o r  t h e  sep- 
a r a t e d  LM-CSM por t ion  of t h e  luna r  o r b i t  phase of  t h e  first Apollo l u n a r  
landing  mission. 

The objec t ive  i s  t o  recommend t h e  rendezvous procedure t o  use when 
an  abor t  o r  rescue i s  r equ i r ed ,  not t o  de f ine  abor t  and rescue  c r i t e r i a .  
The "why" of an abor t  o r  rescue  i s  considered only when it d i r e c t l y  a f f e c t s  
t h e  rendezvous procedure.  

The majori ty  of t h e  recommended procedures a r e  gene ra l i zed  and apply 
t o  a range of  times o r  phase angles  i n s t e a d  of only one s p e c i f i c  t ime o r  
phase angle.  The procedures a r e  a l s o  designed t o  apply f o r  any planned 
landing s i t e .  Cer ta in  procedures , such as those  f o r  anytime LM l i f t -of ' f  
from t h e  lunar  su r face ,  are very loose ly  def ined .  This i s  due both t o  
t h e  extreme complexity involved and t o  t h e  l ack  of confirmed l i m i t s  (such 
as t h e  m a x i m i m  height  d i f f e r e n t i a l )  and ground r u l e s  ( such  as when a com- 
bined e f f o r t  by both vehic les  should be u t i l i z e d ) .  
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The procedures were designed t o  make t h e  veh ic l e s  as independent of 
t h e  MSFN as p o s s i b l e ,  al though t h e  u t i l i z a t i o n  of  t h e  maximum p o s s i b l e  
MSFN back-up c a p a b i l i t y  was a prime cons idera t ion .  For t h e  veh ic l e s  t o  
be independent of t h e  MSFN, it is necessary t o  use rendezvous sequences 
f o r  which s o l u t i o n s  can be obtained onboard. The two onboard rendezvous 
sequences are t h e  d i r e c t  i n t e r c e p t  sequence and t h e  c o e l l i p t i c  sequence. 
The CSM computer conta ins  only t h e  d i r e c t  i n t e r c e p t  sequence, bu t  t h e  LM 
computer conta ins  both sequences and can compute a c o e l l i p t i c  sequence 
f o r  a CSM-active rendezvous. Some s i t u a t i o n s  r e q u t r e  sequences which 
a r e  i n i t i a t e d  by a maneuver o ther  t han  an onboard-sequence i n i t i a l  man- 
euver.  These i n i t i a l  "external"  maneuvers are designed e i t h e r  t o  be 
canned or t o  use  near-standard t a r g e t i n g .  

The only major d i f f e rence  between t h e s e  recommendations and those  
contained i n  t h e  previous information ( re f .  1) i s  i n  t h e  area o f  abor t s  
from powered descent .  

For t h i s  no te ,  t h e  lunar o r b i t  phase i s  divided i n t o  t h r e e  major 
subphases: (1) Hohmann descent ,  ( 2 )  powered descent ,  and (3)  ascent  from 
t h e  lunar su r face .  

The procedures a r e  f k t h e r  divided i n  re ference  t o  t h e  a c t i v e  v e h i c l e  
For the  main body of information, a veh ic l e  i s  considered e i t h e r  t o t a l l y  
a c t i v e  or t o t a l l y  i n a c t i v e .  
t o t a l l y  W-ac t ive  rendezvous. 
a c t i v e  rendezvous.)  Combination rendezvous (maneuvering by both v e h i c l e s )  
i s  d iscussed  i n  genera l  i n  a separa te  s e c t i o n .  However, no s p e c i f i c  
recommendations a r e  made o the r  t h a n  f o r  approximate CSM a c t i o n  when 
m a x i m u m  IM-alone a c t i o n  cannot e f f e c t  rendezvous. 

( A  "LM abort"  o r  "LM alone" r e f e r s  t o  a 
A "CSM rescue" refers t o  a t o t a l l y  CSM- 

A f u r t h e r  d i v i s i o n  of t h e  procedures ca tegor izes  them as e i t h e r  
non- t ime-cr i t ica l  or t i m e - c r i t i c a l .  For non- t ime-cr i t ica l  s i t u a t i o n s ,  
any abort-to-rendezvous t i m e  dura t ion  which does not  exceed t h e  LM l i f e -  
t i m e  i s  acceptab le .  The m a x i m u m  t i m e  dura t ion  from abor t  t o  rendezvous 
normally a s soc ia t ed  with t i m e - c r i t i c a l  s i t u a t i o n s  i s  about 3 t o  4 hours 
a f te r  t h e  t i m e  of t h e  assoc ia ted  fa i lure .  However, extreme emergencies 
are assumed t o  r equ i r e  rendezvous wi th in  1 . 5  t o  2 hours af ter  t h e  failure.  
Since t h e  t i m e - c r i t i c a l  procedures d i f f e r  f o r  var ious emergencies, t h e  
recommendations f o r  them are not as s p e c i f i c  as f o r  t h e  non- t ime-cr i t ica l  
procedures .  .. 

The AV values  presented  here in  a r e  t h e o r e t i c a l  and do not r e f l e c t  
ope ra t iona l  or manual f a c t o r s .  The AV budgets and LM l i f e t i m e s  used f o r  
t h i s  s tudy are approximate values based on average s i t u a t i o n s .  Therefore , 
t h e  corresponding m a x i m u m  c a p a b i l i t y  information i s  not  exac t .  However , 
t h i s  information i s  thought t o  be not  more than  5 t o  1 0  percent  i n  e r r o r  
f o r  any app l i cab le  s i t u a t i o n .  The use of  LM-APS fuel  through t h e  LM-RCS 
t h r u s t e r s  i s  p re sen t ly  not d e f i n i t e l y  confirmed. Therefore  , most of  t h e  
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a s s o c i a t e d  m a x i m u m  c a p a b i l i t y  d a t a  r e f l e c t  bo th  u t i l i z a t i o n  and 
n o n u t i l i z a t i o n  of  t h i s  APS f u e l  c a p a b i l i t y .  

The AV budget f o r  CSM rescue  i s  not separa ted  i n t o  SPS and RCS a l l o t -  
ments,  bu t  r ep resen t s  a t o t a l  SPS/RCS a l lo tment .  The s e p a r a t e  values  
a r e  p re sen t ly  not p r e c i s e l y  def ined.  The AV budgets and LM l ifetimes 
a r e  : 

AV budget f o r  in-plane CSM rescue ,  f p s  . . . . . . . .  70 0 

LM RCS rendezvous budget,  f p s  . . . . . . . . . . . .  450 

LM RCS rendezvous budget inc luding  APS f u e l  through 
t h e  RCS system, fps . . . . . . . . . . . . . . . .  575 

LM unstaged l i f e t i m e  . h r  . . . . . . . . . . . . . . .  55-60 

12 a IN ascent  s t a g e  m a x i m u m  l i fe t ime . h r  . . . . . . . .  
Likewise, t h e  CSM or  LM propuls ion system f o r  each maneuver i s  not  

s p e c i f i e d .  The propuls ion system used for a c e r t a i n  maneuver is  o f t e n  
dependent on t h e  s i t u a t i o n .  The RCS systems a r e  used only when t h e  
l a r g e r  systems are e i t h e r  nonappl icable  o r  operat  i o n a l l y  disadvantageous , 
such as f o r  i n t e r c e p t  brakings or, g e n e r a l l y ,  maneuvers l e s s  t han  about 
15 f p s .  However, a f t e r  ascent  from t h e  su r face  t h e  LM can u t i l i z e  only 
RCS t h r u s t i n g  . 

Rende zvous Te chni  que s 

The th ree  main rendezvous sequences used f o r  t h e  abor t  and rescue  
procedures are (1) t h e  d i r e c t  i n t e r c e p t  and ( 2 )  t h e  c o e l l i p t i c  sequence, 
used f o r  both I.bl abor t s  and CSM rescues , .  and (3 )  t h e  six-impulse technique ,  
used f o r  CSM rescues only.  The d i r e c t  i n t e r c e p t  sequence i s  a two-impulse 
technique f o r  which t h e  f i r s t  impulse e s t a b l i s h e s  an i n t e r c e p t  t r a j e c t o r y  
f o r  a se l ec t ed  i n t e r c e p t  t i m e ,  
p l i s h e s  in te rcept -ve loc i ty  match. 

and t h e  second impulse (b rak ing )  accom- 

The c o e l l i p t i c  sequence i s  a four-impulse technique designed t o  
a f f o r d  a per iod of c o e l l i p t i c  coas t  p r i o r  t o  t e rmina l  phase,  which i s  
a s tandardized d i r e c t  i n t e r c e p t .  
i s  designed t o  p lace  t h e  a c t i v e  veh ic l e  on a t r a j e c t o q  from which, at  a 
p rese l ec t ed  upcoming a p s i s ,  it can become c o e l l i p t i c  wi th  t h e  t a r g e t  
veh ic l e  and then  ob ta in  a c e r t a i n  p r e s e l e c t e d  r e l a t i v e  condi t ion  a t  a 
p rese l ec t ed  t ime while  coas t ing  i n  t h e  c o e l l i p t i c  o r b i t .  A cons tan t  
d i f f e r e n t i a l  he ight  manuever ( C D H )  i s  performed t o  make t h e  o r b i t s  of  t h e  

The c o e l l i p t i c  sequence i n i t i a t i o n  (CSI) 

c 

‘??he LM ascent  s t a g e  maximum l i fe t ime of  1 2  hours corresponds t o  
9.5 hours from i n s e r t i o n  t o  TPI. 
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veh ic l e s  c o e l l i p t i c .  The p rese l ec t ed  r e l a t i v e  condi t ion  i s  a l ine-of -s ight  
e l eva t ion  angle  t o  t h e  t a r g e t  vehic le  u t i l i z e d  t o  t r i g g e r  a s tandard ized  
d i r e c t  i n t e r c e p t .  
t h a t  t h e  t h r u s t  vec to r  i s  t h e o r e t i c a l l y  a l o n g  the  l i n e  of  s i g h t  
t o  the target veh ic l e .  The CSI is cons t ra ined  t o  be a h o r i z o n t a l  
maneuver i n  o rde r  t o  s impl i fy  t h e  l o g i c  and, f o r  some cases  involv ing  
posigrade burns ,  t o  avoid lowering pe r i cyn th ion .  The input  parameters 
f o r  a s p e c i f i c  sequence are t h e  times of  CSI and TPI, t h e  TPI e l eva t ion  
angle ,  and t h e  number of  t h e  aps i s  af ter  CSI a t  which CDH i s  t o  occur.  
The va r i ab le s  are t h e  a l t i t u d e  and t i m e  of CDH. 

The te rmina l  phase i n i t i a t i o n  (TPI)  i s  designed such 

The six-impulse technique as def ined  h e r e i n  i s  a rescue  technique  
involving a c o e l l i p t i c  sequence preceded by a Hohmann t r a n s f e r  from t h e  
CSM's s tandard  c i r c u l a r  parking o r b i t  t o  a p rese l ec t ed  lower c i r c u l a r  
o r b i t  of approximately 20 n.  m i .  The c o e l l i p t i c  sequence involved has 
several unique and advantageous c h a r a c t e r i s t i c s .  CSI, CDH, and TPI a l l  
normally occur on t h e  f r o n t  s i d e  of t h e  moon at approximately t h e  same 
longi tude ,  approximately t h a t  of LM per icynth ion .  For most cases  they  
are one r evo lu t ion  a p a r t ;  however, a f e w  cases  r e q u i r e  two r evo lu t ions  
between CjI and CDH. Also, both t h e  c o e l l i p t i c  phase d i f f e r e n t i a l  he igh t  
(Ah) and t h e  t o t a l  AV requirements a r e  nea r ly  cons tan t  f o r  a l l  app l i cab le  
cases ;  Ah ranges from 10 t o  12 n. m i .  (CSM above) , and t o t a l  AV i s  approx- 
imately 300 0 s .  Reference 2 presents  more d e t a i l e d  explana t ion  and d a t a  
f o r  t h e  six-impulse sequence. 

Plane Change Procedures 

Most of t h e  procedures and support ing d a t a  do no t  r e f e r  t o  out-of- 
p lane  s i t u a t i o n s .  The p lane  change procedures are e s s e n t i a l l y  common 
t o  a l l  t h e  subphases. It i s  assumed t h a t  a wedge angle  up t o  0.5' would 
normally be removed by IN powered-ascent yaw s t e e r i n g ,  and t h a t  about 
0.2' t o  0.3O could be handled during t e rmina l  phase.  For t h e  c o e l l i p t i c  
sequence, CSI and CDH a r e  executed wi th  t h r u s t i n g  p a r a l l e l  t o  t h e  t a r g e t  
veh ic l e  o r b i t a l  plane.  An in-orbi t  p l ane  change i n  excess of about 0.3' 
would r e q u i r e  a sepa ra t e  maneuver a t  a common node of t h e  veh ic l e s '  
o r b i t a l  p lanes .  For some cases , such as nominal ascent  , a rendezvous 
de lay  would probably be required.  The a c t i v e  veh ic l e  f o r  a sepa ra t e  plane 
change would depend on t h e  s i t u a t i o n .  The LM would be a c t i v e  when a f u e l  
shor tage  o r  i n s u f f i c i e n t  t ime between maneuvers would not  r e s u l t .  The 
CSM has t h e  c a p a b i l i t y  of performing up t o  approximately a 2' plane  change 
p r i o r  t o  nominal LM l i f t - o f f  w i t h  t h e  ob jec t ive  of providing an in-plane 
LM powered ascent .  For LM anytime l i f t - o f f s  when t h i s  nominal CSM plane  
change has not  occurred,  t h e  CSM has at  l e a s t  t h i s  2' plane  change 
c a p a b i l i t y  i n  add i t ion  t o  i t s  separa te ly  a l l o t t e d  rescue  budget.  The 
requirement f o r  a l a r g e  in-orb i t  p lane  change i s  a s soc ia t ed  with non- 
nominal pos t landing  s i t u a t i o n s .  P r i o r  t o  landing ,  a l a r g e  out-of-plane 
condi t ion  would r e s u l t  only f o r  extreme cont ingencies .  The cos t  o f  a 
p lane  change at  a common node i s  approximately 100 fps p e r  degree of  



wedge angle .  
could cost  anywhere from 100 t o  300 fps p e r  degree of  wedge angle ,  de- 
pending on t h e  p o s i t i o n  of t h e  common node. 

A two-impulse plane change a s soc ia t ed  wi th  t e r m i n a l  phase 

Nominal Mission Summary 

The LM i s  assumed t o  be e s s e n t i a l l y  i n  t h e  nominal t r a j e c t o r y  at  
t h e  t ime of abor t  or rescue .  The nominal descent  i s  descr ibed  i n  t h e  
Hohmann descent and powered descent s ec t ions  of t h e  t e x t .  To provide 
a quick re ference ,  a b r i e f  summary of t h e  cu r ren t  nominal ascent  p r o f i l e  
i s  presented he re .  
and 50 n. m i .  with t h e  LM below i s  u t i l i z e d .  
nominal l i f t - o f f  r e s u l t s  i n  a Ah of 1 5  n .  m i . ,  and t h e  la tes t  nominal 
l i f t - o f f  (about 4.5 minutes l a t e r )  r e s u l t s  i n  a Ah o f  50 n.  m i .  There 
i s  cu r ren t ly  cons idera t ion  being given t o  decreasing t h i s  m a x i m u m  nominal 
Ah. For a l l  nominal l i f t - o f f s ,  t h e  LM i n s e r t s  i n t o  t h e  s tandard  30- by 
10-n. m i .  a scent  o r b i t .  CSI i s  executed approximately 30 minutes after 
i n s e r t i o n  and i s  based on TPI occurr ing approximately 80 minutes a f t e r  
CSI, t h a t  i s  , when t h e  CSM i s  e s s e n t i a l l y  back over t h e  landing s i t e .  
CDH i s  executed at t h e  p red ic t ed  t ime of t h e  f i r s t  apocynthion fol lowing 
CSI a t  an e lapsed  t ime from CSI of between 50 minutes (Ah = 15 n.  m i . )  
and 26 minutes (Ah = 50 n. m i . ) .  The angle  through which t h e  t a r g e t  
v e h i c l e  t r a v e l s  during t e rmina l  phase ( 9 )  i s  140' and t h e  TPI e l e v a t i o n  
angle  i s  approximately 27'. 
f o r  t h e  in-orb i t  RCS maneuvers range as fol lows:  
66 t o  31 f p ,  TPI = 25 t o  82 f'ps, braking = 26 t o  83 fps; t h e  t o t a l  AV i s  
177 t o  196 f p s .  TPI i s  nominally pos i t i oned  t o  o b t a i n  t h e  most favorable  
l i g h t i n g  condi t ions;  t h i s  f a c t o r  i s  a l s o  implemented i n  t h e  abor t  proce- 
dures where poss ib l e .  The t imes of CSI and TPI (and  CDH f o r  a given Ah) 
r e l a t i v e  t o  LM l i f t - o f f  vary only s l i g h t l y  f o r  t h e  d i f f e r e n t  p o s s i b l e  
landing  s i t e s .  

A c o e l l i p t i c  sequence inco rpora t ing  Ah's between 1 5  
The "on-time" e a r l i e s t  

A s  Ah ranges from 15 t o  50 n.  m i . ,  t h e  A V ' s  
CSI = 60 t o  0 f p s ,  CDH = 

APS 

CDH 

cs I 

CSM 

DPS 

SYMBOLS 

ascent  propuls ion  system 

cons tan t  d i f f e r e n t i a l  he igh t  ( c o e l l i p t i c )  
maneuver 

c o e l l i p t i c  sequence i n i t i a t i o n  

r 

command and s e r v i c e  modules 

descent  propuls ion  system 



7 

HDM Hohmann descent maneuver 

LM lunar module 

RCS 

SPS 

TEH 

TEi 

TEP 
TP I 

Ah 

A B  

A B i  

0 

r e a c t i o n  c o n t r o l  system 

s e r v i c e  propuls ion system 

e lapsed  time from Hohmann descent  i n i t i a t i o n ,  min 

e lapsed  t i m e  from LM i n s e r t i o n ,  min 

e lapsed  t i m e  from powered descent  i n i t i a t i o n ,  min 

t e rmina l  phase i n i t i a t i o n  

c o e l l i p t i c  d i f f e r e n t i a l  a l t i t u d e ,  n. m i .  

CSM l e a d  angle ,  deg 

CSM l e a d  angle  at LM i n s e r t i o n ,  deg 

t a r g e t  vehicle  t r a v e l  angle  during te rmina l  
phase,  deg 

HOHMANN DES CENT 

The Hohmann descent i s  t h e  ha l f - revolu t ion  coas t ing  descent  of  t h e  
LM nominally from t h e  80-11. m i .  c i r c u l a r  a l t i t u d e  of CSM t o  t h e  8.23-n. m i .  
or 50 000-ft a l t i t u d e  f o r  powered-descent i n i t i a t i o n .  The Hohmann 
descent  i s  nominally i n i t i a t e d  by a 100-fps ho r i zon ta l  r e t rog rade  DPS 
burn when t h e  LM is  e s s e n t i a l l y  i n  t h e  80-n. m i .  c i r c u l a r  o r b i t .  
phase-angle (CSM l e a d  angle ,  A B )  p r o f i l e  referenced t o  t h e  e lapsed  t ime 
from Hohmann descent i n i t i a t i o n  (TE ) i s  shown i n  f i g u r e  1. 

A 

H 

The LM abor t s  and CSM rescues f o r  t h i s  subphase involve a l l  o f  t hose  
which are i n i t i a t e d  when t h e  LM is  i n  t h e  Hohmann descent  o r b i t ,  includ-  
i n g  those  i n i t i a t e d  after t h e  powered-descent i n i t i a t i o n  t i m e  when powered 
descent  w a s  not i n i t i a t e d .  
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Assuming f u l l  e l e c t r i c a l  power c a p a b i l i t y  from bo th  s t a g e s ,  it i s  
emphasized t h a t  t h e  unstaged LM l i fe t ime i s  between 55 and 60 hours.  

LM Aborts During Hohmann Descent 

For in-orb i t  a b o r t s ,  t h e  LM i n i t i a t e s  a r e t u r n  t o  t h e  CSM, which 
i s  i n  t h e  80-11. m i .  c i r c u l a r  o r b i t .  The abor t  maneuver i t s e l f  i s  a 
rendezvous maneuver, e i t h e r  a CSI or a d i r e c t  i n t e r c e p t  i n i t i a t i o n ,  not 
j u s t  a c i r c u l a r i z a t i o n  or a burn u t i l i z i n g  a s tandard  t a r g e t .  
does not occur p r i o r  t o  t h e  abor t  maneuver unless  t h e  descent  engine 
i s  rendered unusable.  It has not  been determined when t o  s t age  a usable  
descent  s tage  p r i o r  t o  rendezvous, if it i s  necessary.  

Staging 

c 

Non-time-crit ical  LM a b o r t s  .- Three abor t  procedures a r e  recom- 
mended, the  app l i cab le  procedure depending on TE 

i s  made s u f f i c i e n t l y  e a r l y  t o  allow execut ion of t h e  i n i t i a l  abor t  man- 
euver at TE -10 minutes,  a d i r e c t  i n t e r c e p t  ( $  = 140") i s  i n i t i a t e d  

at t h a t  time. The r e s u l t i n g  t e rmina l  approach i s  equiva len t  t o  a nominal 
c o e l l i p t i c  sequence approach f o r  Ah of approximately IO n.  m i .  For 
abor t s  with t h e  i n i t i a l  abor t  maneuver a t  T%'s  between approximately 

10 and 20 minutes,  a c o e l l i p t i c  sequence with CSI as t h e  i n i t i a l  abor t  
manewer and TPI approximately 1 . 5  r evo lu t ions  ( 3  hours )  a f t e r  t h e  Hohmann 
descent i n i t i a t i o n  (HDM) i s  recommended. For abor t s  i n i t i a t e d  a f te r  
TEH-20 minutes, t h e  same type  sequence i s  u t i l i z e d ,  bu t  wi th  TPI occur- 

r i n g  approximately 2 .5  r evo lu t ions  ( 5  hours )  a f t e r  HDM i n s t e a d  of 1 . 5  
revolu t ions .  For a l l  of  t h e s e  Hohmann descent  c o e l l i p t i c  sequence a b o r t s ,  
CDH occurs a t  t h e  f irst  apocynthion fol lowing CSI, and t h e  LM i s  about 
10  t o  20 n .  m i .  above t h e  CSM. The purpose of t h e  de lay  i n  TPI for abor t s  
i n i t i a t e d  a f t e r  TEH- 20 minutes i s  t o  maintain Ah wi th in  t h e  10- t o  

20-n. m i .  range. Premission s e l e c t e d  i n i t i a l  abo r t  maneuver t imes ,  al-  
though not s p e c i f i c a l l y  recommended f o r  t h i s  mode a f te r  TEH = 1 0  minutes ,  

could be  u t i l i z e d .  

If t h e  abor t  dec is ion  H '  

H 

Figure 2 p re sen t s  a summary of t h e  recommended procedures and t h e  
AV and Ah values .  Figure 3 presen t s  gene ra l  d a t a  which were u t i l i z e d  
as a bas i s  f o r  determinat ion of t h e  recommended procedures .  

T ime-cr i t ica l  LM abor t s . -  For an abor t  i n i t i a t e d  at  TE l e s s  than  
H 

approximately 30 minutes,  a d i r e c t  i n t e r c e p t  with $-140° i s  ope ra t iona l ly  
f e a s i b l e  although t h e  AV requirements i nc rease  cons iderably  a f te r  
TEH-20 minutes. 

r e s u l t  i n  both unsafe per icynth ions  and excess ive ly  high braking AV re-  
quirements. 

After TE -30 minutes ,  d i r e c t  i n t e r c e p t s  wi th  0 < 180" H 

In  order  t o  maintain c l e a r  per icynth ions  and acceptab le  
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AV requirements ,  d i r e c t  i n t e r c e p t s  wi th  41-270' are recommended when 
t h e  i n i t i a l  abor t  maneuver occurs after TE -30 minutes.  For T E H l s  

between 50 and 70 minutes ,  t h e  per icynth ion  a l t i t u d e s  f o r  t h e s e  $I = 270' 
d i r e c t  i n t e r c e p t s  are only s l i g h t l y  above t h e  c l e a r  per icyc th ion  l i m i t  
o f  35 000 f't .  For quest ionaSle ( d i s p e r s i o n s )  cases  i n  t h i s  T% range ,  

it i s  recommended t h a t  e i t h e r  a c o l l i p t i c  sequence wi th  TPI a t  t h e  
e a r l i e s t  ope ra t iona l ly  f e a s i b l e  opportuni ty  or an i n t e r n e d i a t e  phasing 
t r a j e c t o r y  of 30 t o  60 minutes be u t i l i z e d .  
TEH-30 minutes ,  c o e l l i p t i c  sequence rendezvous wi th  Ah i n  t h e  30- t o  

60-11. m i .  range (U4 above) requi re  only about 1 t o  1 . 5  hours longer  than  
d i r e c t  i n t e r c e p t s  or three-impulse rendezvous, which are considerably 
less d e s i r a b l e  ope ra t iona l ly .  Data p e r t a i n i n g  t o  such c o e l l i p t i c  rendez- 
vous are contained i n  f i g u r e  3 .  Direc t  i n t e r c e p t  rendezvous d a t a  showing 
t o t a l  AV as a func t ion  of  $I, with curves f o r  abor t  i n i t i a t i o n  at  var ious  
TEHls  ( f o r  t h e  c l e a r  per icynthion c a s e s )  are presented  i n  f igu re  4. 

H 

For a b o r t s  i n i t i a t e d  af'ter 

CSM Rescues During Hohmann Descent 

For CSM rescue  during t h i s  phase of  t h e  l u n a r  mission,  t h e  CSM must 
i n i t i a t e  a rescue  sequence which achieves t h e  LM Hohmann descent o r b i t  
while  maintaining a sa fe  per icynthion a l t i t u d e .  The i n i t i a l  maneuver 
may be a d i r e c t  i n t e r c e p t  o r  ex te rna l  maneuver, depending on what 
t ime during t h e  Hohmann descent t h e  CSM is  r equ i r ed  t o  i n i t i a t e  rescue .  
It should be poin ted  out  t h a t  t he  i n i t i a l  rescue  maneuver could never 
be a CSI if a safe per icynth ion  a l t i t u d e  i s  t o  be maintained because t h e  
four-impulse c o e l l i p t i c  sequence would fo rce  t h e  CSM t o  go i n t o  a co- 
e l l i p t i c  o r b i t  below t h e  LM whose per icynth ion  a l t i t u d e  is  50 000 ft. 

Non-time-crit ical  CSM rescues.-  A s  i n  t h e  case  f o r  LM abor t s  dur- 
i n g  t h e  Hohmann descent ,  t h r e e  CSM rescue  procedures are recommended 
as a f 'unction of  T . If t h e  rescue dec i s ion  i s  made s u f f i c i e n t l y  e a r l y  

such t h a t  t h e  CSM i s  prepared t o  maneuver p r i o r  t o  T% - 10 minutes , a 

d i r e c t  i n t e r c e p t  maneuver ( 4  = 140') i s  i n i t i a t e d  at  T%- 10  minutes.  

This procedure i s  s imilar  t o  a LM abor t  during t h i s  t i m e .  Rendezvous 
w i l l  occur about 57 minutes from HDM wi th  a t o t a l  f u e l  expendi ture  o f  
about 145 o s ,  of which approximately 8 f p s  i s  r equ i r ed  f o r  braking.  
transfer o r b i t  per icynth ion  w i l l  be about 50 000 f t  (8 .2  n. m i . ) .  
r escue  procedure i s  i n i t i a t e d  while both veh ic l e s  a r e  behind t h e  moon 
and out of communication with the MSFN; t h e r e f o r e ,  s ince  no ground assist- 
ance i s  a v a i l a b l e  t o  t h e  CSM, the CSM must r e l y  on e i t h e r  i t s  own onboard 
system or t h a t  o f  t h e  LM. 

5-I 

The 
The 
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I n  the event t h e  CSM i s  made aware of a rescue  s i t u a t i o n  and i s  
prepared t o  maneuver p r i o r  t o  TE - 2 0  minutes ,  a d i r e c t  i n t e r c e p t  man- 

euver ((I = 120') i s  i n i t i a t e d  at  TEH- 20 minutes .  A t r a n s f e r  angle  o f  

140" at t h i s  t i m e  of i n i t i a t i o n  r e s u l t s  i n  a per icynth ion  below 40 000 f t ,  
while a 120' transfer angle  w i l l  permit a per icynth ion  a l t i t u d e  of about 
50 000 f t .  
t o t a l  f'uel expendi ture  of about 310 f p s ,  of which about 50 f p s  i s  r equ i r ed  
f o r  braking. 
f o r  rescue a t  TEH 

H 

Rendezvous w i l l  occur about 60 minutes from HDM wi th  a 

For rescue i n i t i a t i o n  during t h i s  t i m e  pe r iod ,  j u s t  as 
10 minutes ,  no ground a s s i s t a n c e  i s  a v a i l a b l e .  

For rescue s i t u a t i o n s  a r i s i n g  af ter  TEH - 20 minutes ,  and p r i o r  

t o  t h e  time of LM powered-descent i n i t i a t i o n ,  t h e  six-impulse technique 
w i l l  be u t i l i z e d .  The i n i t i a l  rescue maneuver occurs a t  t h e  t i m e  t h e  
CSM crosses  t h e  longi tude  of LM per icynth ion ,  and t h e  c i r c u l a r i z a t i o n  
maneuver (nominally at  20 n.  m i . )  occurs 180' from t h e  i n i t i a l  maneuver. 

Approximately over t h e  longi tude  of upcoming LM per icynth ion ,  t h e  
CSM w i l l  perform t h e  CSI maneuver. CDH occurs one r evo lu t ion  a f t e r  CSI, 
and TPI, two revolu t ions  a f t e r  CSI. By having t h e  CSI maneuver over 
LM per icynth ion ,  a Ah of approximately 1 2  n. m i .  above t h e  LM o r b i t  i s  
achieved. Rendezvous w i l l  occur approximately 7.75 hours from HDM 
wi th  about a 300-fps f'uel requirement.  The braking maneuver w i l l  be 
about 18 @ s .  
u n t i l  t h e  CSM a r r i v e s  a t  LM per icynth ion  as t h i s  procedure allows 
MSFN ass i s t ance .  

It i s  advisable  t o  delay t h e  i n i t i a l  rescue  maneuver 

The p o s s i b i l i t y  a l s o  e x i s t s  t h a t  a rescue  s i t u a t i o n  m a y  no t  be 
r e a l i z e d  u n t i l  a f t e r  t h e  t ime of  LM powered-descent i n i t i a t i o n ,  f o r  
which t h e  LM does not i n i t i a t e  powered descent .  I n  t h i s  even t ,  t h e  
CSM w i l l  i n i t i a t e  t h e  six-impulse sequence as soon a f te r  t h e  rescue  
command as it i s  ab le  t o  prepare  f o r  t h e  maneuver. 

If the  i n i t i a l  maneuver i s  performed p r i o r  t o  approximately 75 
minutes a f t e r  HDM, t h e  six-impulse sequence w i l l  be executed as previous ly  
d iscussed .  However, i f  t h e  i n i t i a l  maneuver i s  not  performed p r i o r  t o  
TEH - 75 minutes, t h e  CDH and TPI maneuvers w i l l  each be delayed one 
r evo lu t ion ,  though they  occur over  t h e  same long i tude .  This e x t r a  
2-hour rendezvous requirement is  brought about by t h e  f a c t  t h a t  a f te r  
TEH - 75 minutes, t h e  CSI maneuver w i l l  be  r e t rog rade .  Since t h e  CSM 
i s  i n  a 20-n. m i .  c i r c u l a r  o r b i t  p r i o r  t o  CSI, a r e t rog rade  CSI should 
be avoided. 

The MSFN would probably send t h e  CSM t h e  first two maneuvers of 
t h e  six-impulse sequence on t h e  l a s t  ea r th - s ide  pass  p r i o r  t o  LM 
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sepa ra t ion  and HDM. It should be po in ted  out t h a t  only two maneuvers, 
c i r c u l a r i z a t i o n  at  20 n.  m i .  and braking ,  would occur behind t h e  moon. 
The CSM would have both t h e  ground and LM onboard s o l u t i o n s  available 
f o r  t h e  CSI , CDH, and TPI maneuvers. 

Figure 5 summarizes t h e  non- t ime-cr i t ica l  CSM rescue procedures 
f o r  t h e  Hohmann descent  phase. Tota l  AV, CSI AV, and Ah d a t a  are included.  

Time-cr i t ica l  CSM rescues . -  A s  i n  t h e  case  f o r  a non- t ime-cr i t ica l  
CSM rescue ,  t h e r e  a r e  t h r e e  procedures f o r  t i m e - c r i t i c a l  CSM rescue  as 
a func t ion  o f  TEH. 

CSM rescues f o r  TE up t o  20 minutes a l s o  apply t o  t i m e - c r i t i c a l  s i t u a t i o n s .  

I n  f a c t ,  t h e  two procedures f o r  non- t ime-cr i t ica l  

H 

The procedure t o  be followed f o r  t i m e - c r i t i c a l  rescue a f te r  
TEH-20 minutes i s  s t i l l  under study. 

i n t e r c e p t  c a p a b i l i t i e s  as a m c t i o n  of $; curves f o r  abor t  i n i t i a t i o n s  
at var ious TE ' s  ( f o r  t h e  c l e a r  per icynthion cases )  a r e  shown. A s  

shown i n  t h i s  f i g u r e ,  t h e  d i r ec t - in t e rcep t  c a p a b i l i t i e s  are g r e a t l y  
reduced by delaying t h e  i n i t i a t i o n  of  t h e  f irst  maneuver. 
t h e  braking and t o t a l  fuel  requirements g r e a t l y  inc rease  but  t h e  t r a n s f e r  
angles  t h a t  w i l l  y i e l d  a safe per icynthion f o r  t h e  t r a n s f e r  o r b i t  become 
l imi t ed .  It i s  obvious from f igu re  6 t h a t  should a t i m e - c r i t i c a l  
s i t u a t i o n  arise about t h e  t i m e  the  LM would nominally s ta r t  powered 
descent  ( 6 0  minutes ) , use of t h e  d i r e c t  i n t e r c e p t  i s  v i r t u a l l y  e l imina ted .  

Figure 6 i l l u s t r a t e s  t h e  d i r e c t -  

H 

Not only do 

A s  po in ted  out  be fo re ,  an answer t o  t h i s  t i m e - c r i t i c a l ,  l a t e - r e a l i z e d  
rescue  s i t u a t i o n  has not as y e t  been reached. It i s  being comtemplated 
t h a t  t h e  CSM should do one or more phasing maneuvers and then  proceed 
t o  t h e  d i r e c t  i n t e r c e p t .  It should be mentioned, however, t h a t  un less  
t h e  large braking  maneuvers r e s u l t i n g  from a d i r ec t - in t e rcep t  
sequence are accepted,  a t i m e  savings of more than  about 2.5 hours 
over  t h a t  of t h e  six-impulse technique i s  un l ike ly .  

POWERED DESCENT 

Powered descent i s  nominally i n i t i a t e d  at per icynth ion  o f  t he  Hohmann 
descent  o r b i t  at TE - 58 minutes, and touchdown on t h e  l u n a r  su r face  

occurs  at an e lapsed  t i m e  from powered descent  i n i t i a t i o n  (TE ) o f  

approximately 1 2  minutes.  It i s  assumed t h a t  an abor t  could be i n i t i a t e d  
a t  any TEp t o  wi th in  about 30 seconds of  touchdown. 

descent  abor t  after DPS full t h r u s t  has occurred,  t h e  LM should i n s e r t  
back i n t o  an 80- by 10-n. m i .  o r b i t ,  which i s  t h e  t a r g e t  o r b i t  i n  t h e  

H 

P 

For any powered 
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i n s e r t i o n  r o u t i n e  p r i o r  t o  landing.  This o r b i t  a f fo rds  both LM-active 
rendezvous and CSM rescue  throughout t h e  powered-descent abor t  reg ion .  
For considerably lower i n s e r t i o n  o r b i t s  ( e . g . ,  t h e  s t anda rd  ascent  
o r b i t )  the  CSM cannot e s t a b l i s h  phasing below t h e  LM s u f f i c i e n t  t o  
a f fo rd  rescue f o r  e a r l y  abor t  s i t u a t i o n s .  For abor t s  p r i o r  t o  full 
t h r u s t  (TE < 26 seconds) ,  t h e  only ac t ion  should be t o  shut  down t h e  
DPS. The i n s e r t i o n  r o u t i n e ,  which would involve extreme a t t i t u d e  and 
maneuver log ic  complexi t ies ,  need not be c a l l e d ,  s i n c e  t h e  r e s u l t i n g  
LM o r b i t  p r i o r  t o  full t h r u s t  i s  approximately 60- by 8-n. m i .  
r e i n s e r t i o n  t ime correspondinR t o  a Dar t i cu la r  abor t  t ime i s  dependent 
on whether s t a g i n g  occurs and c e r t a i n  o t h e r  f a c t o r s .  However, 
t h e s e  exact r e i n s e r t i o n  t imes do not  vary s i g n i f i c a n t l y  from an average 
curve used t o  genera te  t h e  a s soc ia t ed  d a t a  he re in .  A s  seen i n  f i g u r e  7 ,  
t h e  range f o r  t h e  CSM l e a d  angle at  LM i n s e r t i o n  ( A E l i )  for abor t s  from 

powered descent i s  approximately -10' t o  +20°: 
d a t a  appl icable  t o  t h i s  subphase are presented  i n  f i g u r e  16 .  

P 

The exac t  

Range and e l eva t ion  angle  

M a x i m u m  ground support  and vehicle- to-vehicle  contac t  are a v a i l a b l e  
f o r  i n i t i a l  a c t i v i t i e s  a s soc ia t ed  with t h e s e  a b o r t s .  

LM Aborts During Powered Descent 

Following an abor t  during powered descent  , t h e  i n i t i a l  i n -o rb i t  
maneuver occurs between approximately 10 and 30 minutes a f te r  i n s e r t i o n ,  
depending on t h e  t i m e  c r i t i c a l i t y .  For e a r l y  powered-descent abor t s  
when LM s tag ing  does not occur p r i o r  t o  i n s e r t i o n ,  t h e  DPS could be 
u t i l i z e d  for t h e  i n i t i a l  i n -o rb i t  burns.  

Non-time-crit ical  LM abor t s . -  For a l l  non- t ime-cr i t ica l  s i t u a t i o n s  
fol lowing abor t s  during powered descent ,  t h e  LM i n i t i a t e s  a c o e l l i p t i c  
sequence approximately 30 minutes after i n s e r t i o n  back i n t o  o r b i t .  TPI 
occurs approximately two r evo lu t ions  a f t e r  i n s e r t i o n .  The two 
revolu t ions  t o  TPI not only a f ford  a slower t i m e l i n e  with a "CSI recycle ' '  
oppor tuni ty ,  but a l s o  maintain Ah wi th in  a d e s i r a b l e  range.  For abor t s  
at  TE ' s  between 0 and approximately 6 minutes ,  CDH occurs at  f i r s t  P 
apocynthion. For abor t s  a f te r  TE - 6 minutes ,  CDH occurs a t  second P 
apocynthion. This l a t t e r  sequence t h e o r e t i c a l l y  avoids both a r e t rog rade  
CSI and Ah = 0.  

A summary o f  t h e s e  procedures ,  showing Ah, CSI AV, and t o t a l  AV,  
i s  presented i n  f i g u r e  8. 
c o e l l i p t i c  da ta .  

Figure 9 conta ins  corresponding gene ra l  

. 
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. 

Time-cr i t ica l  Dl abor t s . -  Coe l l ip t i c  sequences with CSI about 
30 minutes from i n s e r t i o n  and TPI approximately one r evo lu t ion  after 
i n s e r t i o n  apply f o r  abor t s  at any time dur ing  powered descent .  
corresponding Ah's a r e  from about 60 n .  m i .  (LM above) f o r  abor t s  at 
t h e  beginning of powered descent  t o  25 n.  m i .  (LM below) f o r  a b o r t s  from 
hover, al though r e t rog rade  CSI's would be required f o r  hover abor t s .  
an abor t  r e s u l t i n g  i n  a Ah near  0 ( f o r  CSI at TE = 30 minutes) ,  a de lay  

i n  CSI o f  about 1 5  minutes o r  a d i r e c t  i n t e r c e p t  should be incorpora ted .  

The 

For 

i 

I n  f a c t ,  f o r  abor t s  at  TEp1s between approximately 7 and 11 minutes 

(end  of hover)  , d i r e c t  i n t e r c e p t s  f o r  $I less  than  180° i n i t i a t e d  between 
10 and 30 minutes a f te r  i n s e r t i o n  are ope ra t iona l ly  f e a s i b l e .  "he 
app l i cab le  parameters a r e  shown by f igu re  10 .  The A O .  range which a p p l i e s  

i s  approximately 5' t o  20' (end o f  hover e q u i v a l e n t ) .  
1 

For s i t u a t i o n s  when immediate d i r e c t  i n t e r c e p t s  are not  feasible 
and c o e l l i p t i c  sequences are t o o  slow , in te rmedia te  LM phasing t r a j e c t o r i e s  
o r  CSM assists must be u t i l i z e d .  

CSM Rescues After Powered-Descent Aborts 

For CSM rescue during t h i s  subphase, t h e  CSM must maintain a safe 
per icynth ion  a l t i t u d e  and i n i t i a t e  a rescue  sequence which achieves t h e  
LM 80- by 10-n. m i .  o r b i t  after t h e  LM abor t s  from powered descent .  The 
rescue  sequence must a l s o  allow rendezvous and crew transfer wi th in  an 
abso lu te  m a x i m u m  of about 1 2  hours from LM i n s e r t i o n  when t h e  LM ascent  
s t a g e  only i s  involved. 

The i n i t i a l  rescue maneuver may e i t h e r  be a rendezvous maneuver o r  
an e x t e r n a l  maneuver, depending upon t h e  phasing condi t ions  at  LM i n s e r t i o n .  
M a x i m u m  oppor tuni ty  f o r  ground a s s i s t ance  e x i s t s .  

Non-time-crit ical  CSM rescues.-  The procedure t o  be followed f o r  
non- t ime-cr i t ica l  CSM rescue a f t e r  t h e  LM abor t s  from powered descent  i s  
a func t ion  o f  t h e  r e l a t i v e  phasing condi t ions  achieved at LM i n s e r t i o n ,  
which under normal condi t ions may be related t o  t h e  t i m e  during t h e  
powered descent  t h a t  t h e  LM aborts  (see f i g .  7 ) .  

Two bas i c  maneuver sequences are recommended f o r  rescue during 
t h i s  phase of  t h e  lunar mission: t h e  normal four-impulse c o e l l i p t i c  
sequence and t h e  six-impulse sequence, t h e  proper  technique being 
governed by i n s e r t i o n  condi t ions .  Whichever technique i s  r equ i r ed ,  it 
i s  assumed t h a t  t h e  i n i t i a l  maneuver would not  be made u n t i l  about 
30 minutes from LM i n s e r t i o n ,  as t h i s  would l i k e l y  be t h e  e a r l i e s t  
t ime .a  need f o r  rescue would be discovered. 
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If the  LM should i n s e r t  with a A O .  of l e s s  t han  about 8 O ,  t hen  

If t h e  

1 
a six-impulse sequence w i l l  be requi red .  This 8 O  corresponds t o  a LM 
abor t  o f  e a r l i e r  than  about 8 minutes i n t o  powered descent .  
LM i n s e r t s  with a A O .  o f  g r e a t e r  t han  8 O ,  t h e  four-impulse c o e l l i p t i c  

sequence w i l l  be used. 
at LM i n s e r t i o n  and should be ab le  t o  advise  t h e  CSM of t h e  technique 
re qui  r e d  . 

1 
The ground should be  i n  contac t  wi th  t h e  veh ic l e s  

I n  the  event a six-impulse technique i s  requi red  f o r  a poss ib l e  
rescue ,  t h e  ground would send t h e  CSM t h e  f irst  two maneuvers of t h e  
six-impulse sequence. If a rescue i s  a c t u a l l y  needed, t h e  CSM executes  
t h e s e  f i r s t  two maneuvers t o  c i r c u l a r i z e  at 20 n .  m i .  The CSI maneuver 
w i l l  occur over t h e  longi tude  of LM per icynth ion;  CDH, one r evo lu t ion  
a r te r  CSI; and TPI, one r evo lu t ion  a f te r  CDH. The CSM w i l l  then  be 
ab le  t o  receive both t h e  LM s o l u t i o n  and t h e  ground s o l u t i o n  f o r  CSI 
before  having t o  perform t h e  CSI maneuver. If t h e  CSI maneuver should 
be r e t rog rade ,  which w i l l  normally be t h e  case  if t h e  LM abor t s  e a r l i e r  
than  about 3 minutes i n t o  powered descent  ( A O i  - - 6 O )  , CDH w i l l  then  be 

p laced  two revolu t ions  af'ter CSI, and TPI, one r evo lu t ion  a f te r  CDH. 
The Ah w i l l  be 10  n .  m i .  (CSM above) ,  and t h e  t o t a l  fuel  requirement 
w i l l  be about 300 f p s .  The time of rendezvous w i l l  be between 7.75 hours 
and 9.75 hours ,  depending on whether CDH i s  one or two r evo lu t ions  af'ter 
CSI. 

I n  the event a four-impulse c o e l l i p t i c  sequence i s  u t i l i z e d ,  t h e  
ground w i l l  probably have t o  provide t h e  CSM with t h e  CSI maneuver, as 
t h e  LM w i l l  be computing t h e  CSI maneuver based on i t s  being t h e  a c t i v e  
veh ic l e .  The ground w i l l  compute CSI based on CDH occ-=ring a t  t h e  
upcoming per icynthion wi th  TPI occurr ing about one r evo lu t ion  from LM 
i n s e r t i o n .  In  t h e  event Ah inc reases  t o  above 20 n.  m i .  (CSM above 
LM), TPI w i l l  be delayed one r evo lu t ion .  
occurs  when A @  exceeds approximately 13'. The rendezvous t i m e  w i l l  i 
be between 2.75 and 4.75 hours from LM i n s e r t i o n ,  depending on whether 
TPI i s  one or two revolu t ions  from i n s e r t i o n .  

This TPI de lay  nominally 

For a l l  non-t ime-cr i t ical  rescue procedures dur ing  t h i s  phase o f  t h e  
lunar mission, t h e  t e rmina l  phase maneuvers a r e  i n i t i a t e d  from c o e l l i p t i c  
o r b i t s .  The Ah's range from about 10 and 20 n .  m i .  wi th  t h e  CSM above 
t h e  LM. 

Figure 1 2  summarizes t h e  non-t ime-cr i t ical  CSM-rescue procedures 
for powered-descent a b o r t s .  Figure 13 p resen t s  corresponding gene ra l  
six-impulse d a t a ,  and f i g u r e  1 4  p re sen t s  corresponding gene ra l  c o e l l i p t i c  
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sequence da ta .  Each of t h e s e  f igu res  shows Ah, t o t a l  AV, and CSI AV 
as func t ions  of  A0 i' 

T ime-c r i t i ca l  CSM rescues . -  A s  i n  t h e  case  of  a t i m e - c r i t i c a l  CSM 
rescue during Hohmann descent ,  no d e f i n i t e  procedures a r e  available at 
t h i s  time and work i s  cont inuing i n  t h i s  a r ea .  

Figure 1 5  i l l u s t r a t e s  t h e  c a p a b i l i t i e s  of  u t i l i z i n g  the d i r e c t  
i n t e r c e p t  i n  order  t o  e f f e c t  rescue based on i n i t i a t i n g  t h e  i n t e r c e p t  
maneuver 10 minutes after IM i n s e r t i o n  i n t o  an 80- by 10-n. m i .  o r b i t .  
This technique i s  v i r t u a l l y  e l iminated f o r  e a r l y  abor t s  due t o  t h e  
excess ive ly  high braking and t o t a l  fuel requirements .  For e a r l y  a b o r t s ,  
a delay i n  i n i t i a t i o n  of  t h e  i n t e r c e p t  maneuver w i l l  r e s u l t  i n  a worse 
s i t u a t i o n .  For late a b o r t s ,  it would be advantageous t o  w a i t  u n t i l  
p r i o r  t o  rescue i n i t i a t i o n  t o  i n i t i a t e  t h e  i n t e r c e p t  maneuver. 
f o r  la te  abor t s  (as la te  as hove r ) ,  t h e  r equ i r ed  performance from t h e  
CSI is  g r e a t l y  dependent on t h e  t r a n s f e r  angle from i n i t i a t i o n  t o  
rendezvous. 
t r a n s f e r  angle i n  real  t i m e  unless mission r u l e s  w i l l  a l low very l a r g e  
CSM braking maneuvers. The minimum braking i s  about 100 fps. 

Even 

It m a y  be ope ra t iona l ly  un feas ib l e  t o  s e l e c t  t h e  proper  

For l a t e  a b o r t s  t h e  c o e l l i p t i c  sequence f o r  t h e  reg ion  where TPI i s  
one r evo lu t ion  from LM i n s e r t i o n  could be considered as a t i m e - c r i t i c a l  
procedure. However, f o r  A O . ' s  cons i s t en t  wi th  abor t s  from hover ,  Ah 
i s  i n  t h e  40- t o  50-n. m i .  h n g e  with t h e  CSM above. 

ASCENT FROM SURFACE 

A l l  information presented f o r  t h i s  subphase is based on a nominal 
powered-ascent t r a j e c t o r y .  The i n s e r t i o n  target f o r  the  30- by 
10-n. m i .  o r b i t  is  i n p u t  subsequent t h  LM l anding ,  s i n c e  d u r i n g  t h e  
descent  phase an  80- by 10-n, m i ,  i n s e r t i o n  o r b i t  is i n  the  i n s e r t i o n  
rou t ine .  
va r ious  LM s i t u a t i o n s  ( invo lv ing  l i f e  suppor t ,  f u e l ,  maneuverabi l i ty ,  
power, e t c . )  e i t h e r  be fo re ,  during, o r  a f t e r  powered a scen t  i n  
conjunct ion  wi th  LM l i f t - o f f .  

LM l l f t - o f f  t i m e :  (1) nominal launch window l i f t - o f f s ,  ( 2 )  i n -o rb i t  
d i r e c t  i n t e r c e p t  l i f t - o f f s ,  and ( 3 )  anytime l i f t - o f f s .  
window l i f t - o f f  i s  one designed t o  y i e l d  a Ah between t h e  nominal 

The modes and procedures f o r  t h i s  subphase a r e  determined by 

The subphase is divided i n t o  t h r e e  gene ra l  c a t e g o r i e s  based on 

A nominal launch 
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c o e l l i p t i c  sequence Ah l i m i t s ,  which a r e  p r e s e n t l y  1 5  t o  50 n.  m i .  with 
t h e  LM b e l o w .  For t h e  cu r ren t  nominal a scen t  p l a n ,  t h e  corresponding 
range f o r  CSM l ead  angle  at  LM i n s e r t i o n  ( A B .  ) i s  approximately 20' t o  

33', which i s  equivalent  t o  a nominal launch window t i m e  du ra t ion  of  
about 4.5 minutes. 

1 

A n  i n -o rb i t  d i r e c t  i n t e r c e p t  l i f t - o f f  i n i t i a t e s  a technique i n  
which a d i r e c t  i n t e r c e p t  ($1-100" t o  140") by e i t h e r  v e h i c l e  i s  i n i t i a t e d  
as soon as i s  ope ra t iona l ly  f e a s i b l e ,  10 t o  15 minutes af ter  LM i n s e r t i o n  
i n t o  o r b i t ,  When t h e  LM i n s e r t i o n  t a r g e t i n g  has not  been switched t o  
t h e  s tandard o r b i t  cond i t ions ,  or when t h e r e  i s  s u f f i c i e n t  t i m e  t o  
switch back t o  t h e  80- by 10-n. m i .  o r b i t  i n s e r t i o n  condi t ions  , t h e  LM 
i n s e r t s  i n t o  t h e  80- by 10-n. m i .  o r b i t .  Otherwise,  t h e  s tandard  o r b i t  
i s  u t i l i z e d .  The l a r g e r  o r b i t  i s  advantageous t o  both LM-active and 
CSM-active rendezvous f o r  t h i s  s i t u a t i o n .  This technique i s  obviously 
a t i m e - c r i t i c a l  procedure and i s  not  considered f o r  non- t ime-cr i t ica l  
s i t u a t i o n s .  

A n  anytime l i f t - o f f  i s  one n e i t h e r  wi th in  t h e  nominal launch window 
nor at a se l ec t ed  in-orb i t  d i r e c t  i n t e r c e p t  l i f t -of f  t ime.  This type  
l i f t - o f f  i s  u t i l i z e d  only when it i s  determined t h a t  t h e  LM could not  
ob ta in  o r b i t  by d i r e c t  
i n t e r c e p t  l i f t - o f f .  In  o the r  words, an anytime l i f t - o f f  occurs  as soon 
as poss ib le  a f te r  t h e  emergency s i t u a t i o n  i s  r e a l i z e d .  S i t u a t i o n s  
r equ i r ing  am anytime l i f t - o f f  a r e  a major f u e l  system l e a k  o r  a luna r  
environment contingency such as a s o l a r  f la re  or moon quake. 

wai t ing f o r  a nominal l i f t - o f f  o r  an i n - o r b i t  

The concensus of opinion i s  t h a t  t h e  p r o b a b i l i t y  o f  an anytime 
l i f t - o f f  i s  r e l a t i v e l y  s m a l l .  However, t h e  development of d e t a i l e d  pro- 
cedures t o  cover t h e  e n t i r e  anytime l i f t - o f f  window, i . e . ,  a l l  A O i ' s  

o the r  than  those  of t h e  nominal launch window, i s  necessary.  These 
exact  procedures are p r e s e n t l y  not  s u f f i c i e n t l y  def ined t o  mer i t  i nc lus ion  
i n  t h i s  note.  The included d a t a  f o r  t h i s  subphase ( f i g .  1 7 )  involve 
only m a x i m u m  c a p a b i l i t y  curves  which show t h e  AB. ranges corresponding 

t o  t h e  maximum AV c a p a b i l i t i e s  and c e r t a i n  cons t ra ined  parameters such 
as Ah, TE, f o r  CSI, or t o t a l  ascent  t i m e .  For any one AOi wi th in  

about 60 t o  70 percent  of t h e  t o t a l  360', numerous s o l u t i o n s  r e s u l t  by 
varying parameters such as t ime of CSI, t i m e  of TPI, or t h e  a p s i s  f o r  
CDH. I n  some cases ,  s e v e r a l  o f  t h e s e  s o l u t i o n s  d i f f e r  only s l i g h t l y ,  
complicating t h e  choice of  so lu t ion .  
very s m a l l  AOi 

s i n c e  a l i f t - o f f  delay of  10  minutes or l e s s  would e l imina te  such a 
ABi. 

1 

I 

It i s  h ighly  improbable t h a t  a 
(between - +15") would r e s u l t  from an anytime l i f t - o f f ,  
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Reference 3 i n d i c a t e s  a small  f r a c t i o n  of  t h e  complexity o f  t h e  
anytime l i f t - o f f  s i t u a t i o n ;  it involves  CSM rescue using c o e l l i p t i c  
sequence rendezvous i n  which only two parameters ,  t i m e  of .TPI and a p s i s  
o f  CDH, are var ied .  

Bas i ca l ly  , t h e  anytime l i f t - o f f  procedures a r e  dependent on 
p r e s e n t l y  unanswered quest ions such as, "What a r e  t h e  Uf's m a x i m u m  
ope ra t iona l  c a p a b i l i t i e s  (Ah, A V ,  t o t a l  ascent  t i m e )  above which a CSM 
assist i s  required?" 
maneuvers be u t i l i z e d  t o  e s t a b l i s h  rendezvous from below when rendezvous 
from above would be f a s t e r  and more d i r e c t ? "  

and "Where p o s s i b l e ,  w i l l  e x t r a  l o g i c  and 

LM Aborts During Ascent 

The reasons f o r  an abor t  a f te r  a nominal l i f t - o f f  are summarized 
as follows : ( a )  l a r g e  i n i t i a l  d i spers ions  , e s p e c i a l l y  out-of-plane 
d ispers ions  , ( b )  l ack  of  necessary information s u f f i c i e n t l y  p r i o r  t o  CSI , 
( c )  a l a r g e  execut ion e r r o r  i n  CSI, o r  ( d )  t h e  r e a l i z a t i o n  o f  a t i m e -  
c r i t i c a l  s i t u a t i o n .  I n  genera l ,  t h e  a scen t s  fol lowing most of t h e s e  a b o r t s  
can be designed t o  a f fo rd  nominal t e rmina l  condi t ions  and in-plane 
AV requirements which do not excessively exceed those  o f  t h e  nominal, 
but  u sua l ly  r equ i r e  an  a d d i t i o n a l  revolu t ion .  

For in -o rb i t  d i r e c t  i n t e rcep t  l i f t - o f f s  it i s  emphasized t h a t  t h e  
abor t  technique i s  a t i m e - c r i t i c a l  procedure designed p r i o r  t o  LM lift- 
o f f .  

For anytime l i f t - o f f s ,  t h e  CSM does not  assist wi th in  a sepa ra t e  
se t  of def ined  l i m i t s  ( s e e  "Non-time-crit ical  LM abor t s"  and "Time-cr i t ical  
LM abor t s " )  f o r  each non-t ime-cr i t ical  and t i m e - c r i t i c a l  s i t u a t i o n .  
However, f o r  t h e  cu r ren t  opera t iona l  m a x i m u m s  o f  LM-RCS ascent  AV and 
LM l i fe t ime , t h e r e  are no poss ib le  LM-alone c o e l l i p t i c  sequence s o l u t i o n s  
f o r  a DOi gap of  approximately 60° ( f i g .  1 7 ) .  This gap i s  t h e o r e t i c a l l y  
c losed  by LM-alone ac t ion  i f  e i t h e r  use o f  t h e  APS f u e l  i n  excess  of 
t h a t  requi red  f o r  nominal powered ascent  (about  125 f'ps through RCS 
t h r u s t e r s )  or use of  a 50 000-ft c i r c u l a r  LM o r b i t  from i n s e r t i o n  i s  
assumed. Each degree of p lane  change made by t h e  LM reduces t h e  m a x i m u m  
c a p a b i l i t y  by about 50' f o r  t h e  LM above t h e  CSM region.  

Anytime l i f t -o f f  LM abort  procedures can be gene ra l ly  summarized 
For A @ .  Is between approximately 10' t o  180° , t h e  LM remains 

The l a r g e r  t h e  AOi ,  t h e  longer  t h e  t i m e  normally spent  

as fol lows.  

below t h e  CSM. 

i n  t h e  minimum o r  near-minimum o r b i t .  

back t o  -180°, t h e  LM maneuvers above t h e  CSM t o  e s t a b l i s h  negat ive 

1 

For A O i ' s  from approximately 10' 
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catchup. 

i t h e  longer t h e  t i m e  spent  i n  t h e  o r b i t .  

gap r equ i r ing  CSM assists,  a LM o r b i t  at  l e a s t  as high as t h e  nominal 
CSM parking o r b i t  i s  h ighly  advantageous. 

The l a r g e r  t h e  A O i ,  t h e  h ighe r  t h e  LM phasing o r b i t  and/or 

For t h e  prev ious ly  noted A0 

A p lo t  of minimum t o t a l  AV and te rmina l  phase AV f o r  c o e l l i p t i c  
ascent  as a func t ion  of  Ah i s  presented  i n  f i g u r e  19.  

Non-Time-Critical LM Aborts During Ascent .- 
Nominal launch window l i f t - o f f :  The abor t  procedures n r e  dependent 

on t h e  reason f o r  t h e  abor t  (see p .  1 7 ) .  For i n i t i a l  d i spe r s ions ,  TPI would 
be delayed one r evo lu t ion  t o  allow s u f f i c i e n t  t ime for a sepa ra t e  plane 
change, made by t h e  LM or t h e  CSM. For i n s u f f i c i e n t  information p r i o r  
t o  CSI, e i t h e r  CSI would be delayed 10 t o  1 5  minutes or a canned CSI 
maneuver would be appl ied  at t h e  nominal t ime;  i n  e i t h e r  c a s e ,  TPI might 
be delayed a r evo lu t ion ,  depending on t h e  s i t u a t i o n  fol lowing CSI. 
a l a r g e  CSI execut ion e r r o r ,  e i t h e r  t h e  times and Ah's f o r  CDH and TPI 
would be ad jus ted  or a second CSI would be scheduled between 30 t o  120 
minutes af ter  t h e  nominal CSI. TPI would be delayed one r evo lu t ion .  

For 

Anytime lift-off ':  When af forded  a choice ( i . e .  , f o r  A O i l s  l e s s  

than  approximately 2120') , an ascent  sequence which maintains  a r e l a t i v e l y  
small Ah i n  exchange f o r  increased  t o t a l  ascent  t ime w i l l  probably be 
s e l e c t e d .  For example, for an anytime l i f t - o f f  r e s u l t i n g  i n  a A0 of 

approximately 6 5 O ,  e i t h e r  a two-revolution ascent  wi th  Ah between 40 
and 50 n.  m i .  or a three- revolu t ion  ascent  with Ah between 10 and 20 n .  m i .  
could be u t i l i z e d .  S imi la r  s i t u a t i o n s  e x i s t  f o r  A0.'s f o r  which t h e  

LM maneuvers above t h e  CSM. Favorable t e rmina l  l i g h t i n g  condi t ions  a r e  
a l s o  considered. A s  p rev ious ly  d iscussed ,  no attempt i s  made t o  def ine  
t h e  exact  procedures f o r  a l l  ranges of A @  bu t  only boundary curves 

are considered. For non-t ime-cr i t ical  s i t u a t i o n s ,  it i s  assumed 
r e a l i s t i c  t o  use up t o  about 95 percent  of t h e  LM l i f e t i m e ,  which i s  
about 9 . 5  hours between LM i n s e r t i o n  and TPI. Using the opera t iona l  
LM l i f e t i m e  and AV m a x i m u m s  t h e  A O .  ranges f o r  var ious  Ah's and times 

of CSI a re  shown i n  f i g u r e  1 7 ,  which i s  a p l o t  of A0. as a func t ion  of 

t h e  number of  revolu t ions  from LM i n s e r t i o n  t o  TPI. (Each r evo lu t ion  
i s  equivalent  t o  approximately 2 hours .  ) 
be made between d i f f e r e n t  Ah boundaries t o  e s t ima te  t r ade -o f f s  i n  Ah 
and A t .  

i 

1 

i '  

1 

1 

Approximate i n t e r p o l a t i o n s  can 

. 



T i m e - C r i t  i c a l  LM Aborts. - 
Nominal launch window l i f t - o f f :  It i s  assumed t h a t  t h e  t i m e - c r i t i c a l  

s i t u a t i o n  does not exis t  p r i o r  t o  l i f t - o f f .  
coas t  f o r  phasing i n  t h e  s tandard ascent  o r b i t ,  t h e  t o t a l  ascent  t ime 
i s  not  s u b s t a n t i a l l y  decreased by us ing  an ope ra t iona l ly  f e a s i b l e  
d i r e c t  i n t e r c e p t  i n s t ead  o f t h e  nominal c o e l l i p t i c  sequence. For t h e  
quickes t  s i t u a t i o n  ( e a r l i e s t  nominal l i f t - o f f ,  AOi - 20') , t h e  d i r e c t  

i n t e r c e p t  affords  a savings of only 30 t o  45 minutes.  
f o r  extreme emergencies, t h e  nominal ascent  sequence should be used 
even f o r  t i m e - c r i t i c a l  s i t u a t i o n s  o f  t h i s  t y p e .  

Due t o  t h e  r equ i r ed  LM 

Therefore ,  except 

In-orb i t  d i r e c t  i n t e r c e p t  l i f t - o f f :  This procedure i s  designed 
s p e c i f i c a l l y  for a t i m e - c r i t i c a l  s i t u a t i o n  r e a l i z e d  p r i o r  t o  l i f t - o f f .  
The technique ,  which would be labe led  as a "semi-direct  a scen t , "  has  
been b a s i c a l l y  descr ibed.  
per icynth ions  above approximately 5 n .  m i . )  as a func t ion  o f  6 are 
shown i n  f i g u r e  10  with curves fo r  var ious A0 . The LM i n s e r t i o n  o r b i t  

i s  80- by 10-n. m i . ,  and t h e  delays between LM i n s e r t i o n  and d i r e c t  
i n t e r c e p t  i n i t i a t i o n  a r e  10 and 30 minutes.  

To ta l  AV and braking AV ( a s s o c i a t e d  wi th  

i 

The same type  information i s  shown i n  f i g u r e  11 f o r  a LM i n s e r t i o n  
o r b i t  o f  30- by 10-n. m i .  The favorable  (I range i s  between approximately 
100' and 140'; t h e s e  4 ' s  a r e  l a rge  enough t o  avoid extremely high braking 
and far enough below 180° t o  avoid major problems i n  handl ing out-of-plane 
s i t u a t i o n s .  A plane change l a r g e r  t han  t h a t  f e a s i b l e  f o r  t h e  LM t o  m a k e  
us ing  t h e  d i r e c t  i n t e r c e p t  would be made by a sepa ra t e  CSM maneuver at 
a common node of t h e  two vehic les '  o r b i t s .  

Anytime l i f t - o f f :  Except for  a l i m i t e d  range of  A O i ' s  wi th in  about 

- +30° of t h e  nominal launch window, t h e r e  i s  a c t u a l l y  no "LM-alone" 
t i m e - c r i t i c a l ,  anytime l i f t - o f f .  

most probably be u t i l i z e d . )  
w i l l  use t h e  sequence which affords t h e  most ope ra t iona l ly  d e s i r a b l e  
rendezvous wi th in  t h e  t i m e  l i m i t ;  t h e  sequence may be a two-, t h ree - ,  
or four-impulse sequence. The use o f  c r i t i c a l  parameters and near- 
m a x i m u m  AV c a p a b i l i t y  i s  probable. No d a t a  i s  s p e c i f i c a l l y  presented  
f o r  t h i s  mode; however, var ious da t a  presented  f o r  o the r  modes, such 
as those  f o r  t h e  in-orb i t  d i r e c t  i n t e r c e p t  l i f t - o f f  and anytime l i f t - o f f ,  
as i n  f igu re  17 ,  a r e  appl icable  t o  t h i s  mode. 

(For l a r g e r  A O i ' s ,  CSM assists would 

For t h i s  l i m i t e d  "LM-alone" range ,  t h e  LM 
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CSM Rescue During Ascent 

For the  t h r e e  ca t egor i e s  of LM ascen t ,  t h e  p o s s i b i l i t y  e x i s t s  t h a t  
t h e  CSM may be requi red  e i t h e r  t o  perform a t o t a l l y  CSM-active rendezvous 
o r  t o  lend a s s i s t a n c e  t o  t h e  LM. This condi t ion  can be brought about 
f o r  one of t h r e e  reasons:  

(1) The LM i s  completely nonpropulsive a f t e r  i n s e r t i o n .  

( 2 )  The LM performs t h e  CSI maneuver and then  becomes nonpropuls ive.  

(3) The LM i n s e r t i o n  condi t ions  were such t h a t ,  us ing  t h e  
m a x i m u m  LM l i f e t i m e ,  t h e  f’uel requirement f o r  LM-active rendezvcus i s  
ou t s ide  the  LM c a p a b i l i t y .  

Based on t h e  s tandard  LM i n s e r t i o n  o r b i t ,  a gap e x i s t s  i n  t h e  LM 
launch window where CSM rescue  i s  not  p o s s i b l e  wi th in  t h e  LM l i fe t ime.  
This gap is bounded by a LM launch which i s  about 20 minutes ear l ie r  
than  t h e  s t a r t  of t h e  nominal launch window and extends t o  a LM launch 
which i s  about 3 minutes ear l ier  than  t h e  start  of t h e  nominal launch 
window. This boundary i s  based on us ing  t h e  m a x i m u m  CSM-rescue f’uel 
c a p a b i l i t y ,  d e l e t i n g  t h e  c o e l l i p t i c  coas t  phase,  us ing  t h e  max imur r .  LM 
system l i f e t i m e  , and accept ing d i f f e r e n t i a l  a l t i t u d e s  a t  TPI of between 
50 and 70 n .  m i .  (over  100 fps  braking v e l o c i t y ) .  Using t h e  above m a -  
i m u m s  but inc luding  a c o e l l i p t i c  o r b i t  phase w i l l  cause t h e  gap t o  widen 
about 5 minutes. The boundary condi t ions  f o r  CSM rescue are shown i n  
f i g u r e  20. 

Non-time-crit ical  CSM rescue .- 
Nominal launch window l i f t - o f f :  Excluding any excess ive  p lane  

change, t he  c a p a b i l i t y  e x i s t s  f o r  a CSM rescue f o r  a LM l i f t - o f f  dur- 
i ng  t h e  nominal launch window. 

I n  the  event t h e  LM becomes nonpropulsive immediately a f t e r  
i n s e r t i o n  ( o r  p r i o r  t o ’ t h e  LM-active CSI maneuver), t h e  CSM should 
i n i t i a t e  t h e  c o e l l i p t i c  sequence 30 minutes a f t e r  i n s e r t i o n  wi th  CDH 
occurr ing  at t h e  upcoming a p s i s  a f te r  CSI and TPI (0 = 140’) occurr ing  
over t h e  landing s i t e  on t h e  next pas s .  If t h e  d i f f e r e n t i a l  a l t i t u d e  i s  
l a r g e r  than t h e  mission c o n s t r a i n t s  a l low,  it may be c o n t r o l l e d  by 
s l i p p i n g  TPI by one o r  more r evo lu t ions .  It should not  r e q u i r e  more 
than  about t h r e e  revolu t ions  between i n s e r t i o n  and TPI t o  main ta in  a 
d i f f e r e n t i a l  a l t i t u d e  of  1 5  n. m i .  above t h e  LM o r b i t  f o r  nominal 
launch window l i f t - o f f s .  
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Since t h e  LM would be computing t h e  CSI maneuver based on i t s  be ing  
t h e  a c t i v e  veh ic l e ,  t h e  ground would probably have t o  send t h e  CSM t h e  
CSI maneuver and CDH t i m e .  A CDH update would then  be computed f o r  t h e  
CSM by t h e  LM. 

It should be noted t h a t  t h e  CSM cannot coas t  more than  approximately 
50 minutes p r i o r  t o  execut ion o f t h e  CSI maneuver. Since t h e  LM w i l l  
be catching up t o  t h e  CSM at a rate of  about 38" p e r  r evo lu t ion ,  t h e  
r e s u l t a n t  phasing would not  allow CSM rescue .  

I n  t h e  event  t h e  LM i s  ab le  t o  perform CSI and then  becomes non- 
p ropu l s ive ,  t h e  CSM w i l l  perform t h e  c o e l l i p t i c  maneuver a t  t h e  t ime t h e  
LM had planned t o  perform it. The LM w i l l  compute t h e  CDH maneuver f o r  
t h e  CSM. The d i f f e r e n t i a l  a l t i t u d e  should nominally be about t h e  
same as t h a t  computed p r i o r  t o  CSI, assuming t h e  LM i s  a c t i v e .  The 
CSM w i l l  then  have t h e  opt ion  t o  coas t  e i t h e r  t o  t h e  planned t i m e  o f  
TPI or t o  t h e  t ime of  t h e  nominal e l eva t ion  angle  occurrence before  
i n i t i a t i n g  t h e  TPI maneuver ( 0  = 140"). 

Anytime l i f t - o f f :  Should the  LM lift o f f  at  anytime during t h e  
planned s t a y  on t h e  lunar su r face ,  i n s e r t  i n t o  t h e  s tandard  o r b i t ,  and 
then  become nonpropulsive,  a CSM rescue i s  requi red  but  may not be 
poss ib l e .  
deed cannot maneuver, t hen ,  unless  an added amount of  f i e 1  o r  LM l i f e -  
t ime can be obtained,  rescue cannot be achieved. However, s i n c e  t h e  
CSM nominal plane change i s  unl ike ly  t o  have been performed p r i o r  t o  
LM l i f t - o f f  approximately 200 t o  300 f p s  a d d i t i o n a l  f'uel may be ava i l -  
able. This a d d i t i o n a l  fuel would c lose  t h e  no-rescue gap,  provided 
a p lane  change i s  not  requi red .  However, i f  a plane change i s  requi red  
t h a t  consumes more than  t h e  plane change a l lo tment ,  t h e  gap i s  made wider  

If LM i n s e r t i o n  occurs i n  t h e  no-rescue gap and t h e  LM i n -  

For o the r  i n s e r t i o n  phasings,  many poss ib l e  procedures e x i s t  f o r  
t h e  CSM t o  follow i n  e f f e c t i n g  a rescue .  For example, t h e  CSM could use 
i t s  maximum rescue budget f ie1 c a p a b i l i t y  i n  achieving a 260- by 80-11. m i .  
o r b i t  s h o r t l y  a f t e r  LM i n s e r t i o n .  It then  could coas t  f o r  some number 
o f  revolu t ions  and, at per icynthion,  e i t h e r  i n i t i a t e  a TPI maneuver or 
perform a c o e l l i p t i c  maneuver followed by TPI about 30 minutes la ter .  
For o the r  i n s e r t i o n  condi t ions ,  a normal c o e l l i p t i c  sequence i s  s u f f i c i e n t  
provided t h e  proper  s e t  of inpu5s i s  used. It should be poin ted  out  
t h a t  f o r  c e r t a i n  phase angles at i n s e r t i o n ,  t h e  CSM could not  poss ib ly  
t a k e  any rescue ac t ion  immediately as it would not have communication 
wi th  e i t h e r  t h e  ground or LM and, hence, would not be aware o f  t h e  
s i t u a t i o n .  In  t h a t  event ,  t h e  CSM would coas t  u n t i l  it could be informed 
o f  t h e  contingency. A g rea t  deal  of  work needs t o  be done i n  o rde r  t o  
recommend rescue  procedures f o r  an anytime LM l i f t - o f f .  A s  po in ted  out 
be fo re  , t h e r e  a r e  s i t u a t i o n s  f o r  which many d i f f e r e n t  p o s s i b l e  procedures 
over lap  , while t h e r e  a r e  o the r  s i t u a t i o n s  f o r  which c r i t i c a l  parameters 
are t h e  only choice.  
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Time-cr i t ica l  CSM rescue.-  

Nominal launch window l i f t - o f f :  For t i m e - c r i t i c a l  CSM rescue  after 
t h e  LM has l i f t e d  o f f  during t h e  nominal launch window, it i s  assumed 
t h a t  t h e  need f o r  rescue does not  occur u n t i l  a f te r  t h e  LM i n s e r t e d  
i n t o  t h e  s tandard o r b i t .  A t  t h a t  t ime,  t h e  LM experiences some f a i l u r e  
i n  addi t ion  t o  a propuls ion f a i l u r e  which makes it necessary f o r  rescue  
t o  occur as quickly as poss ib l e .  It i s  aga in  emFhasized t h a t  t h e  para- 
meters which are genera l ly  cons t ra ined  f o r  non- t ime-cr i t ica l  rendezvous 
a r e  re laxed i n  exchange f o r  an e a r l i e r  rendezvous t ime.  

For a LM contingency a f te r  i n s e r t i o n ,  t h e  CSM w i l l  have t o  coas t  
f o r  approximately 20 t o  30 minutes a f t e r  LM i n s e r t i o n  t o  ob ta in  t h e  LM 
vec to r  and prepare f o r  t h e  maneuver. 

I f  t he  LM l i f t s  off e a r l y  i n  t h e  launch window, a d i r e c t  i n t e r c e p t  
may be performed at that.  t ime.  
t o  be l a r g e r  than  about 220' t o  maintain a s a f e  per icynth ion .  This 
r e s u l t s  i n  a rendezvous t i m e  g r e a t e r  than  1 . 5  hours f r o m  i n s e r t i o n  and 
saves only about 1 hour i n  comparison wi th  t h e  c o e l l i p t i c  sequence, 
but  results i n  higher  braking maneuvers and unfami l ia r  approaches i n  
most cases .  

However, t h e  t r a n s f e r  angle  w i l l  have 

A s  t he  LM l i f t s  off l a t e r  i n  t h e  launch window, t h e  t r a n s f e r  angle  
t o  maintain a s a f e  per icynth ion  i s  reduced t o  less  than  160~. However, 
t o  avoid excessive f u e l  consumption, t h e  CSM i s  r equ i r ed  t o  coas t  much 
longer  p r i o r  t o  i n i t i a t i n g  t h e  i n i t i a l  i n t e r c e p t  maneuver s o  t h a t  t h e r e  
i s  l i t t l e ,  if any, t ime savings i n  comparison with t h e  c o e l l i p t i c  sequence. 

In-orbi t  d i r e c t  i n t e r c e p t  l i f t - o f f :  For CSM rescue  f o r  t h i s  
s i t u a t i o n ,  it i s  assumed t h e  LM had knowledge of a rescue s i t u a t i o n  p r i o r  
t o  l i f t i n g  off t h e  luna r  su r face .  I n  t h i s  even t ,  t h e  LM chose t o  
l i f t  off  a t  such a t i m e  t h a t  t h e  CSM could i n i t i a t e  a d i r e c t  i n t e r c e p t  
maneuver sho r t ly  a f t e r  LM i n s e r t i o n  i n t o  o r b i t .  The CSM would a l s o  be 
aware of the s i t u a t i o n  p r i o r  t o  LM i n s e r t i o n .  The LM l i f ' t -off  t i m e  
would probably be about 3 minutes e a r l i e r  t han  t h e  start  o f  t h e  nominal 
launch window. 
10 minutes a f te r  LM i n s e r t i o n  and s t i l l  e f f e c t  a rendezvous maintaining 
a safe per icynthion and s t ay ing  wi th in  t h e  f u e l  requirements .  
t h e  p lane  change probably would not have been made, s o ,  as d iscussed  
previously under non- t ime-cr i t ica l  CSM rescue  procedures f o r  an  anytime 
l i f t - o f f ,  plane-change cons idera t ions  would a l s o  have an e f f e c t  on 
r equ i r ed  CSM performance. Rendezvous would occur about 1 hour from LM 
i n s e r t  ion.  

The CSM could then  perform a 140' t r a n s f e r  maneuver about 

O f  course ,  
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Anytime l i f t - o f f :  I n  order  t o  achieve a t i m e - c r i t i c a l  CSM rescue  
wi th in  one r evo lu t ion  f o r  an anytime LM l i f t - o f f ,  t h e  LM must lift o f f  
between t h e  ear l ies t  t ime f o r  an in -o rb i t ,  d i r e c t  i n t e r c e p t  and t h e  
s t a r t  of t h e  nominal launch window. For o the r  l i f t - o f f  t imes,  t h e  CSM 
w i l l  have t o  u t i l i z e  coas t ing  per iods  or phasing maneuvers p r i o r  t o  
i n i t i a t i o n  of t h e  d i r e c t  i n t e r c e p t  i n  order  t o  achieve TPI condi t ions  
t h a t  w i l l  be wi th in  t h e  f u e l  capab i l i t y  o f  t h e  CSM and a l s o  maintain a 
safe per icynth ion .  It i s  emphasized t h a t  a t i m e - c r i t i c a l  s i t u a t i o n  may 
r e q u i r e  several o r b i t s  t o  achieve,  depending on when t h e  LM l i f t s  o f f .  
Then, t o o ,  t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  t h e  LM may inser t  i n t o  t h e  no- 
rescue  zone, f o r  which no procedure can be  recommended at  t h i s  t ime.  

COMBINED VEHICULAR ACTIVITY 

The information i n  t h e  foregoing sec t ions  i s  based on t h e  assumption 
t h a t  e i t h e r  t h e  LM i s  t o t a l l y  a c t i v e  wi th in  i t s  m a x i m u m  c a p a b i l i t y  or 
it i s  t o t a l l y  i n a c t i v e  during CSM rescue.  However, t h e r e  i s  a p o s s i b i l i t y  
t h a t  t h e  abor t  procedures w i l l  involve CSM assis t  e a r l i e r  t han  i n d i c a t e d  
i n  o rde r  t o  a f ford  a more opera t iona l ly  d e s i r a b l e  t e rmina l  phase o r  an 
e a r l i e r  rendezvous. It i s  a l s o  poss ib le  t h a t  p r i o r  t o  pred ic t ed  i n a c t i -  
v i t y  t h e  LM w i l l  be ab le  t o  improve a CSM-rescue s i t u a t i o n .  

Since t h i s  “combined mode” has been only s u p e r f i c i a l l y  inves t iga t ed  
a t  p re sen t  , no s p e c i f i c  recommendations a r e  included.  However, a 
d iscuss ion  of  var ious cons idera t ions  and p o t e n t i a l i t i e s  i s  included.  

Cer ta in  ground r u l e s  must be def ined before  designing d e t a i l e d  
procedures i n  t h i s  a rea .  A probable ,  genera l  ground r u l e  i s  t h a t  t h e  
LM should maintain t h e  c a p a b i l i t y  t o  p e r f o m  t e rmina l  phase.  Other 
ground r u l e s  should be def ined t o  spec i fy  t h e  t o t a l  ascent  t i m e  and t h e  
Ah beyond which t h e  CSM assist should be used. It should a l s o  be 
decided whether (when f e a s i b l e )  t o  s e t  up an ac t ive-vehic le  t e rmina l  
approach from below at  t h e  cos t  of time and fuel and usua l ly  a d d i t i o n a l  
maneuvers. 

The anytime l i f t - o f f  area is  t h e  main area f o r  cons idera t ion  sf 
combined vehicu lar  a c t i v i t y .  Except fo r  extremely t i m e - c r i t i c a l  s i t u a t i o n s ,  
rendezvous a s soc ia t ed  with t h e  o the r  modes and subphases can be accomplished 
we l l  w i th in  t h e  m a x i m u m  c a p a b i l i t i e s  without combined a c t i v i t y ;  however, 
f o r  c e r t a i n  of t h e s e  l e s s  c r i t i c a l  s i t u a t i o n s ,  should rendezvous from 
below and r e l a t i v e l y  s m a l l  Ah’s be requi red ,  combined a c t i v i t y  would be 
u t  i li zed . 
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A t y p i c a l  CSM-assist procedure involves  a CSM dwell  (phas ing)  o r b i t  

Based on AV budget t h e  maximum dwell  o r b i t  of t h i s  type  
t o  e i t h e r  i nc rease  o r  decrease i t s  o r b i t a l  pe r iod  f o r  a s e l e c t e d  number 
of revolu t ions .  
i s  approximat.ely 260 by 80 n.  m i .  ; t h e  minimum dwell  o r b i t  i s  about 
80 by 10 n. m i .  based on s a f e t y  cons idera t ions .  The m a x i m u m  assist 
c a p a b i l i t i e s  r e f l e c t i n g  t h e s e  values  a r e  presented  i n  f i g u r e  18. 

For  another t ype  o f  CSM assist ,  t h e  CSM might t r a n s f e r  t o  a 
d i f f e r e n t  c i r c u l a r  o r b i t ,  o r  it might set  up a LM-active t e rmina l  phase 
by performing var ious phasing maneuvers. 

A "LM-assist" s i t u a t i o n  could r e s u l t  i n  connection with an anytime 
l i f t - o f f  caused by a f u e l  l e a k .  I n  such a s i t u a t i o n  ( i . e .  , t h e  LM 
could become nonpropulsive soon a f te r  i n s e r t i o n ) ,  t h e  LM o r b i t  would 
probably be s u b s t a n t i a l l y  increased  soon a f te r  i n s e r t i o n  i f  deemed 
advantageous t o  CSM rescue .  Figure 20 shows t h e  maximum c a p a b i l i t y  f o r  a 
CSM-rescue s i t u a t i o n  when t h e  LM i s  i n  an 80- by 10-n. m i .  o r b i t .  

Studies designed t o  thoroughly i n v e s t i g a t e  t h i s  extremely l a r g e  
and complex a rea  are p resen t ly  being i n i t i a t e d .  

CONCLUDING REMARKS 

The information i n  t h i s  no te ,  though pre l iminary ,  should se rve  as 
a bas is  f o r  i n i t i a l  a s soc ia t ed  analyses  and planning.  The areas with 
vaguely def ined procedures are c u r r e n t l y  under d e t a i l e d  i n v e s t i g a t i o n ,  
and more s p e c i f i c a l l y  def ined procedures are forthcoming. 

It i s  emphasized t h a t  many of t h e s e  forthcoming procedures a r e  
dependent on p resen t ly  undefined ground r u l e s  involving dec i s ion  l o g i c  
and l imi t ing  parameters f o r  combined veh icu la r  a c t i v i t y .  

The most c r i t i c a l  s i t u a t i o n s  f o r  LM-alone a c t i v i t y  result  from 
anytime l i f t - o f f s  with l a r g e  nega t ive  phasings (CSM t r a i l i n g ) .  CSM 
assists a r e  probable f o r  t h e s e  s i t i i a t i o n s .  

Assuming a t o t a l l y  nonpropulsive LM af ter  i n s e r t i o n  i n t o  o r b i t ,  
t h e  extremely c r i t i c a l  s i t u a t i o n s  f o r  CSM rescue r e s u l t  from anytime 
l i f t - o f f s  with small negat ive phasings.  I n  f a c t ,  f o r  t h e  LM i n  t h e  
s tandard o r b i t ,  a no-rescue range of  phasings e x i s t s  based on t h e  
maximum LM l i f e t i m e  and AV c a p a b i l i t i e s  f o r  CSM rescue.  



25 

For s i t u a t i o n s  o t h e r  than  these  c r i t i c a l  anytime l i f t - o f f  
s i t u a t i o n s ,  rendezvous procedures which can be accomplished w i t h i n  t h e  
m a x i m u m  Lbl l i fe t ime and AV c a p a b i l i t i e s  and which u t i l i z e  mainly 
onboard s o l u t i o n s  a r e  app l i cab le .  Also, f o r  t h e  ma jo r i ty  of  t h e s e  
s i t u a t i o n s  which normally r e q u i r e  l e s s  t h a n  m a x i m u m  c a p a b i l i t i e s ,  
extremely t i m e - c r i t i c a l  procedures which e f f e c t  rendezvous wi th in  
about 3 t o  4 hours of abort  a r e  appl icable  although not  ope ra t iona l ly  
d e s i r a b l e .  However, an anytime l i f t - o f f  should be used only when it i s  
not  p o s s i b l e  t o  w a i t  f o r  des i r ed  phasing. 
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Figure 5. - Summary of recommended procedures for non-timecritical CSM rescue during Hohmann descent. 
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Figure 7.- Phase-angle profi le resulting from L M  abort during powered descent. 
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CF22/C. C. Thomas 
C E 4 / R  . Warren 
CF32/G. H. Parker  
CF33/C, D. Nelson 
CF33/J. B. Jones 
CF33/R. Jones 
U/M. A. &get  
EB/P. H. Vavra 
ED/E. H. Brock 
ED/D. Lawhorn 
EG/R. C. Duncan ( 2 )  
EG25/J. Hanaway 
ET25/B. Redd 
M2/J .  W. Small 
M3/B. G. Jackson 
FA/C. C. K r a f t ,  Jr. 
FA/R. G. Rose 
FC/J. D, Hodge ( 5 )  
FL/J. B. Hammack 
FM/J. P. Mayer 
FM/H. W, T i n d a l l  
FM/C. R. Huss 
FM/M. V. Jenkins 
FM/J. F. Dalby 
FM12/E, Pa t t e r son  ( 2 0 )  
FM13/J. P. Bryant ( 3 )  
FM/D. J. I n c e r t o  
FM/C. T. Hyle 
FM/Branch Chiefs 
FC/J. Bost ick 
FS/H. E. Clements (3 )  
PA/G. M. LOW 
PA/W. A. Lee 
PF/R. W. Lanzkron ( 2 )  
PD/L. Jenkins  
PD/A. Dennett 
PE/O. G. Morris 
PM/O. E. Maynard 
PM/R. W. W i l l i a m s  ( 2 )  
P M ~ / C .  H. Pe r r ine  ( 2 )  
PM2/R. J. Ward 
PM3/RO V. Bat tey  
PR/W. M. Bland 

NASA Hqs./MAO-2/B. A l l e r  ( 2 )  
NASA Hqs ./MAO-3/F. S tout  ( 2  ) 
NASA Hqs . /MO/J.  Stevenson ( 2 )  
KSC/Dr. A. H. Knothe 
MSFC/R-AERO-P/L McNair 
MSFC/R-AERO-P/H. Ledf ord 
MSFC/I-I/IB-E/D. Germany 
GSFC/Dr. F. 0. Vonbun ( 5 )  
Bellcomm/R. L. Wagner ( 5 )  
NAA/W. L. Steinwachs ( 5 )  
RASPO/NAA 
RASPO/GAEC 
GAEC/R. L. P r a t t  ( 5 )  
GAEC/J.  Marino ( 2 ) 
MIT/J. Dahlen ( 5 )  
IBM/Houston/R. Hanrahan ( 3  ) 
IBM/How t on/T. A. F'uorro 
AC Electronics/F.  Weber 
T R W / J ,  G. Reid ( 3 )  
TRW/L. wilcox 
TRW/R. L. Stamm 
TRW/H. Task 


